Compact spectrometers fabricated by placing a wedged etalon or a linear variable filter in front of a linear photodiode array typically do not exhibit the spectral resolution of a parallel filter of the same finesse. A theoretical analysis of the beam emerging from a wedged etalon is shown to predict a comalike aberration, explaining the loss in resolution. This analysis also predicts a focused beam waist whose axial position depends on the incidence angle, indicating that resolution can be improved by placing this waist on the detector. These results are experimentally confirmed in a multicavity linear variable filter to achieve 0.09 nm spectral resolution at 1550 nm. A simple, compact, and rugged spectrometer can be constructed by placing a wedged etalon in front of a photodetector array such as a charge-coupled device 1 or a photodetector array that is sensitive in the visible or the near-infrared wavelength range. Unfortunately, the spectral resolution of a wedged etalon is known to be lower than the finesse of a corresponding Fabry-Perot etalon. This is because the profile of the transmitted beam from a wedged etalon has asymmetric broadening that can be heuristically explained by beam walk-off due to multiple reflections between the unparallel mirrors.
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or a photodetector array that is sensitive in the visible or the near-infrared wavelength range. Unfortunately, the spectral resolution of a wedged etalon is known to be lower than the finesse of a corresponding Fabry-Perot etalon. This is because the profile of the transmitted beam from a wedged etalon has asymmetric broadening that can be heuristically explained by beam walk-off due to multiple reflections between the unparallel mirrors. [1] [2] [3] The broadening becomes more significant for higher mirror reflectivity and has been regarded as an inherent limitation of the wedged etalon for high-resolution spectral measurements. 1 In this Letter, we show that the spectral resolution of a wedged etalon can be significantly improved by exploiting the dependence of the transmitted beam profile on the incidence angle. This dependence was not considered in previous studies. Moreover, we demonstrate that the same technique can be applied to improve the spectral resolution of a linear variable filter, i.e., an optical dielectric thin-film filter that has been intentionally wedged in one direction. Recent progress in thin-film technology has made possible filters with high spectral resolution, high manufacturability, and excellent environmental stability. 4 This provides opportunities for new applications such as optical monitoring of channel power and wavelength in dense wavelength-division multiplexed (DWDM) optical networks. 5 We consider a case where a wedged etalon is illuminated by a monochromatic plane wave. Let us examine how the plane-wave components are generated in the wedged etalon, using the model shown in Fig. 1 , consisting of two lossless reflective coatings of amplitude reflectance r and a wedged dielectric spacer with a refractive index n. The incident plane wave has a wavelength, amplitude, and incidence angle of , a 0 , and in , respectively. The wedge angle of the spacer layer is ␣, an angle typically much smaller than 1°. The thickness of the spacer layer at X =0 is h. The plane-wave components of the output beam can be written as a 0 exp i⌽ 0 , a 1 exp i⌽ 1 , ..., where a N is the amplitude and ⌽ N is the phase at X = 0 and Z = h. The amplitudes of the plane waves decay exponentially with the number of reflections N as
where t = ͱ 1−r 2 is the amplitude transmittance of the reflective layer. The phase of the Nth plane wave ⌽ N can be derived by a geometric consideration as
where t = arcsin͑sin in / n͒ is the initial propagation angle inside the cavity. The approximate expression is found by neglecting the fourth and higher powers of ͑ t +2j␣͒. By using relationships ͚ j=1 N j = N͑N +1͒ / 2 and ͚ j=1 N j 2 = N͑N +1͒͑2N +1͒ / 6, we obtain
The terms that are proportional to ␣ and ␣ 2 on the right-hand side of Eq. (4) are significant only when N ӷ 1 because we can assume that wedge angle ␣ of a wedged etalon for high-resolution spectroscopic measurements is extremely small (e.g., of the order of 10 s).
1 Therefore, Eq. (3) can be approximated as
where N = n͑ t +2N␣͒ is the paraxial propagation angle for the Nth plane-wave component relative to the Z axis and ⌽ C = ⌽ 0 −2nh t / ␣ + nh t 3 /3␣ is a constant that is independent of N. We note that Eq. It is often convenient to characterize a wedged etalon with wavelength slope S =d /dX = ␣ / h. Equation (4) can then be written as
͑5͒
Let us now consider the lateral position X of the transmitted beam. It follows from the shift theorem of the Fourier transform 6 that
where m is an integer. Here, the second term on the right-hand side is necessary because the plane-wave components of the transmitted beam are discrete. This term gives rise to a periodic transmission position that is expected from the periodic transmission spectrum of the cavity. By using Eqs. (5) and (6) we obtain
The physical meaning of each phase term on the right-hand side in Eq. (5) is now clear. The term that is linear with N gives the expected linear dependence of the transmission position X on the wavelength . The term that is cubic with N reveals that the transmission position depends not just on wavelength but also quadratically on the propagation angle. This is consistent with the fact that the effective optical thickness of the spacer layer has a cosine dependence on the propagation angle. The quadratic dependence of the beam position on propagation angle causes aberration that is mathematically analogous to coma (except that the aberration is one dimensional) and explains the previously reported [1] [2] [3] asymmetric broadening of the transmitted beams from wedged etalons. An important consequence of the cubic term in Eq. (5), which was not previously considered, is that the axial ͑Z͒ position of the beam waist shifts with the incidence angle. The waist position can be calculated by using the fact that the propagation of plane-wave components introduces a phase shift that is approximately quadratic to the propagation angle in the paraxial regime 6 :
͑8͒
To find the nominal focus position of this beam, we must evaluate Eq. (8) at the angle centered on the diverging transmitted beam. This divergence depends on the specific wedged-etalon design, particularly the reflectivity and the wedge angle. Here, we label the half-angle of the divergence as ⌬, and thus the central output ray angle is given by out = in + ⌬. Combining this definition with Eqs. (5) and (8), it follows that
Equation (9) shows that the axial position Z of the beam waist has a linear dependence on the incidence angle in . Therefore, the incidence angle can be adjusted to minimize the beam width on the photodetector and thus achieve the maximum spectral resolution. Note in particular that the beam waist is not at the plane of the coating when the incidence angle is zero. That is, the incidence angle that gives the smallest beam width is not zero if the detection plane is right behind the wedged etalon. These consequences of the cubic phase term in Eq. (5)-aberration and axial beam shift-become significant for wedged etalons with a narrow passband (i.e., high spectral resolution) and a large wavelength slope. This is because the narrow passband and the large wavelength slope require high reflectivity r and a large wedge angle ␣ that will result in a wide range of N in the transmitted beam. Figure 2 shows examples of numerical calculation of the intensity profile of one of the periodic transmitted beams. We calculated the intensity profile by determining the inverse Fourier transform of the complex angular spectrum of the transmitted beam and then taking the square of its absolute value. The complex angular spectrum was calculated from Eqs. (1) and (2) and by adding quadratic phase that corresponds to the diffraction due to propagation in z. 6 We assumed that = 1.55 m, h = 9.7 m, n = 1.6, S = 2.6 ϫ 10 −6 , and r = 0.9988. These conditions correspond to a wavelength passband width of 0.06 nm FWHM for a cavity with no wedge, as would be appropriate for monitoring a DWDM spectrum with 0.8 nm spacing. The calculations reveal that the intensity profile is quite sensitive to the incidence angle in . For example, the narrowest peak FWHM was obtained around in = −1.7°for an etalon-to-detector spacing of z = 2.1 mm. The peak became significantly lower and wider when the incidence angle in was increased or decreased by 1°. Almost identical profiles were obtained at z = 2.1 mm and 5.3 mm with an offset of ⌬ in = 0.8°. This is in good agreement with Eq. (9) and confirms the predicted axial beam shift with the incidence angle.
Do these results apply to a linear variable filter, i.e., a thin-film filter with wedged coating layers? The cosine dependence of the effective optical thickness is a general property of thin-film filters. 7 Therefore, we expected that the phase term that would be cubic with propagation angle and that its physical consequences, including the incidence-angle dependence of the transmitted beam profile, should be intrinsic to linear variable filters as well. We performed experiments with a linear variable filter that was fabricated for DWDM applications. The linear variable filter had a two-cavity design with an effective refractive index 7 of n = 1.6 and a wavelength slope of S = 2.6ϫ 10 −6 . The thin-film structure was such that the wavelength passband width for the equivalent uniform coating would be 0.06 nm FWHM. The light source was a 1550 nm single-longitudinal-mode tunable laser collimated to a 400 m beam diameter. The beam profile behind the linear variable filter was measured using a beam profiler with a 5-m scanning slit (Photon, Inc., BeamScan XYGET). Figure 3 shows experimental intensity profile measurements. Despite the fact that the actual linear variable filter had a two-cavity structure, the asymmetrical profile and axial shift of the transmitted beam agreed qualitatively with those of the theoretical calculation for a wedged etalon. The minimum beam width of 35 m FWHM was achieved at both Z = 2.1 mm and Z = 5.3 mm by optimizing incidence angles. The beam width of 35 m corresponds to a wavelength width of 0.09 nm and is suitable for DWDM applications such as optical monitoring of channel power and wavelength. The offset in incidence angle between the two axial positions was larger in the experiment than that in the theoretical calculation for a wedged etalon. The explanation for this discrepancy may require a model that takes into account the effect of multiple cavities of actual filter structures. Nonetheless, the experimental results clearly show that the technique of incidence-angle optimization is effective in improving the spectral resolution of a linear variable filter.
In conclusion, we have demonstrated that the spectral resolution of a wedged etalon as well as that of a linear variable filter can be improved by the optimization of the incidence angle. This property is critical in the design of spectrometers and other devices. 
